Thin metallic nanowires are highly promising candidates for plasmonic waveguides in photonic and electronic devices. We have observed that light from the end of a silver nanowire, following excitation of plasmons at the other end of the wire, is emitted in a cone of angles peaking at nominally 45-60°from the nanowire axis, with virtually no light emitted along the direction of the nanowire. This surprising characteristic can be explained in a simple picture invoking Fabry-Pérot resonances of the forward-and back-propagating plasmons on the nanowire. This strongly angular-dependent emission is a critical property that must be considered when designing coupled nanowire-based photonic devices and systems.
Plasmonic waveguides have significant potential to be used as a key component in miniaturized optical devices at the nanometer scale, and in the integration of photonic circuits with electronics to overcome the limitations of bandwidth and data transmission rates of classical electrical interconnects. [1] [2] [3] [4] [5] [6] [7] [8] Such an integration of photonics and electronics and the miniaturization of optical devices at the nanometer size are of considerable current interest in nanophotonics. 8 When surface plasmon polaritons (SPPs), 9 the collective motion of free electrons, are excited in the plasmonic waveguides, they can be propagated at distances exceeding tens of micrometers, in nanometer-width geometries such as nanoparticle chains, [10] [11] [12] metal stripes, 13 grooves, 14 metal-insulator-metal structures, 7, 15 and nanowires. [16] [17] [18] [19] [20] While intensive experimental and theoretical efforts have focused on improving the in-coupling efficiency of light 3, 19 and on how to reduce the propagation loss, 4, 21 relatively little is known about their light-emitting properties. 22 This is critically important information for the design and development of SPP waveguides in integrated photonic or electronic devices and systems.
In this paper, we measure the spatial distribution of the light emitted from one end of a nanowire following the excitation of SPPs at the other end. Surprisingly, we find that almost no light is emitted in the direction of the nanowire but instead peaked at nominally 45-60°from the direction of the wire. For thin nanowires we observe that the distribution of the emitted light is remarkably insensitive to the diameter and length of the nanowire and the detailed structure of the wire ends.
Several different approaches have been developed for the imaging of plasmonic properties of metallic nanostructures. 23, 24 In the present work, the SPPs are excited by focusing a laser beam through an objective to one end of the nanowire, which is shown in Figure 1a . The emission from the other end of the nanowire is collected by the same objective and the optical image is recorded by a TE cooled 1392 × 1040 CCD detector mounted on a microscope (Olympus BX51). The intensity of the emission is determined by finding the maximum value in the emission spot from the optical image. The objective itself has an inside iris diaphragm which varies the numerical aperture (N.A.) from 0.5 to 1.2. As shown in Figure 1b , only the emission within the collection cone of the objective can be harvested and recorded by the CCD. Hence, the measurement of the emission intensity under different N.A. will contain informa-tion of the angular distribution of the emitted light. The details on the sample preparation and how the instrument was calibrated are presented in the Supporting Information. Figure 1c shows a scanning electron microscopy (SEM) image of an Ag nanowire of length 4.6 µm and diameter 158 nm. The nanowire is synthesized by chemical fabrication, 25 yielding crystalline nanowires with smooth surfaces which avoid the scattering of SPPs at surface defects. The wire is deposited on an ITO glass substrate and immersed in index matched oil to eliminate substrate reflections. One end of the wire is excited by a diffraction-limited spot of 633 nm laser to launch the propagating SPPs. The polarization of the laser is rotated parallel to the wire using a halfwave plate to ensure optimal coupling between the incident light and the nanowire. No polarizer is used in the detection of the emitted light. A bright spot of the emission can be clearly observed at the other end of the wire. The brightness of the emission is decreased gradually as the N.A. varies from 1.2 to 0.5, which is shown in Figure 1d . What should be noted is that the decrease of the emission intensity is not caused by the reduction of the power of the incident laser, since the beam size is smaller than the opening width of the diaphragm even when the smallest N.A.) 0.5 is used. This is also confirmed by the direct measurement of the power of the focused light under the objective which shows no change observed when the N.A. varied from 1.2 to 0.5. Hence, the experiment data in Figure 1d reflect the directional emission of light from the emission end of the nanowire. To understand the spatial distribution of the light emission, we perform electromagnetic simulations using the finite element method (FEM) based commercial COMSOL multiphysics software package. For simplicity, we treat the wire as a cylindrical structure of a length 4.6 µm and a diameter 158 nm. Figure 1e shows the intensity distribution of Poynting vectors around the wire. It can be seen that the SPPs are scattered to the far field at the end of the wire. The wavelength of the surface plasmons excited in the wire is about λ s ) 360 nm. To compare the calculation with the experiment, we calculate the far-field emission intensity on the surface of a sphere enclosing the emitting end of the wire. The radius of the sphere is R ) 300 nm corresponding roughly to the size of the emission spot measured in the experiment. By integrating the emission intensity that falls into the collection cone corresponding to the different N.A., we reproduce the experiment with the curves shown in Figure  1d . The spatial distribution of the light emission on the R ) 300 nm sphere is shown in Figure 1f . The white ellipses indicate the emission angles that can be collected within the collection cones corresponding to N.A .) 1.2 and 0.5. The light emitted from the nanowire waveguide peaks at an emission angle around θ ∼ 60°. Due to retardation, the emission intensity is slightly inhomogeneous in the φ direction. In the Supporting Information, we show that the angular distribution patterns for several other thin nanowires of different geometries and tip termination geometries remain very similar to the wire studied in Figure 1 with emission peaks around 45-60°. To mimic the dielectric environment of the nanowire, all calculations are performed for a nanowire embedded in a homogeneous dielectric medium of refractive index 1.5. For a more inhomogeneous substrate such as a 100 nm ITO film on a glass substrate or a nanowire on a substrate without the index matched oil, the calculated wire emission characteristics are essentially the same.
For wires with diameters smaller than about half of the incident wavelength λ inc /2 (in the experiment the surrounding medium is oil), the intensity of the emitted light is almost homogeneous in the φ direction. Hence, only the emission distribution in the θ direction needs to be considered. In Figure 2a , we show how the emission distribution depends on the length of the wire for a fixed diameter. The calculation shows that as the length of the wire increases, the predominant emission angle is always around ∼50°with secondary peaks appearing at ∼140°, which is consistent with the experimental results in Figure 1 and Figure S3 in the Supporting Information. The maximum of the emission intensity exhibits periodic oscillations with wire length. The period is about 150 nm, which is half of the wavelength of the propagating SPPs in the wire (λ s ∼ 300 nm for the wire with D ) 80 nm). This observation suggests that the emission maximum from the wire occurs when standing waves of the surface plasmons are formed by the internal reflections from the wire ends. The maximum of the emission intensity thus corresponds to the formation of such Fabry-Pérot (FP) resonances. 26, 27 In Figure 2b we show how the emission distribution depends on wire diameter for a wire of fixed length L ) 5 µm with the diameters ranging from 50 to 200 nm, which is smaller than the half of the incident wavelength in oil (633 nm excitation). It is shown that the light emission is peaked at angles θ in the range of 45-60°with a secondary emission peak at 130-150°. Similar to Figure 2a , the maximum of the emission intensity exhibits oscillations as the diameter D is increased and are caused by the formation of FP resonances in the nanowires. 26, 27 The periodicity of these oscillations increases with the diameter D because the wavelengths of wire plasmons of a fixed energy are proportional to D. 28 In the experiment we observed some variations of the emission intensities between different wires of similar diameters. These observations are consistent with the results in Figure 2 showing that the emission intensity depends sensitively on both the length and diameter of the wire.
As discussed above, the light emission originates from FP resonances in the nanowires and can be understood using a simple standing wave antenna current model (CM). Here the standing wave of surface plasmons is treated as the superpositions of two counterpropagating dipole currents. Parts a and b of Figure 3 show the emission intensity as a function of different N.A. of the objective and the calculated distribution of the emission intensity in θ direction for the wire in Figure 1c excited by a 785 nm laser. The red and black curves in Figure 3c are the simulations obtained by the FEM method and the CM (Supporting Information), respectively. When the length of the current element is close to the radius of the integration sphere used in the FEM calculation (R ) 400 nm for 785 nm excitation), the two simulations give similar emission distributions in the θ direction. In the CM, there are two symmetric peaks with equal magnitude at around 60°and 130°, whereas in the FEM calculation the two peaks are of unequal intensity. The discrepancy between the results from these two models originates from the energy loss induced by the propagation and the reflection of the surface plasmons at the end of the wire, which results in only a partial standing wave. In the CM, the magnitudes of the two superimposed traveling currents are assumed to be equal. Figure 3d shows that the emission distribution in the θ direction is dependent on the current element length. The role of the current element length in the CM is the same as the radius of the integration sphere in FEM calculation. Hence, according to the condition of the experiment, a physical and reasonable value of the current element length will be about the size of the emission spot, which is confirmed by the consistency between the results from the experiment and the CM.
In conclusion, we have measured the angular dependence of the light emission from thin Ag nanowires: a prominent emission angle exists at nominally 60°from the nanowire axis. The angular distribution of the light emission is found to be relatively independent of the shape and length of the wire and can be understood using a simple model invoking the Fabry-Pérot resonances of the nanowire waveguide. This light-emitting property will dictate the relative position and orientation of nanowire waveguides with respect to other optical and electronic elements in integrated optical and electronic devices.
